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1
SEMICONDUCTOR DEVICE INCLUDING A
NORMALLY-OFF TRANSISTOR AND
TRANSISTOR CELLS OF A NORMALLY-ON
GAN HEMT

PRIORITY CLAIM

This application is a continuation of U.S. application Ser.
No. 12/727,321 filed 19 Mar. 2010, the content of said appli-
cation incorporated herein by reference in its entirety.

BACKGROUND

Depending on a variety of conditions, normally-on transis-
tors may have superior electrical characteristics than nor-
mally-off transistors within the same semiconductor sub-
strate material. As an example, this may be due to interface
properties between a gate insulator and a semiconductor
channel region of a Field Effect Transistor (FET).

A cascode circuit of a normally-on transistor in a first
semiconductor die and a normally-off transistor within a sec-
ond semiconductor die allows to set up a normally-off semi-
conductor switch that may include beneficial electrical prop-
erties of the normally-on transistor such as low-on resistance
or high-reverse blocking capabilities.

When forming a normally-off semiconductor switch using
a cascode circuit including a normally-off transistor and a
normally-on transistor, a plurality of requirements having an
impact on the device reliability have to be met, e.g., avoidance
of critical operation conditions such as avalanche breakdown
or avoidance of generation of oscillations.

With regard to a semiconductor switch including a nor-
mally-on transistor and a normally-oft transistor, a need
exists for an improved device reliability.

For these and other reasons, there is a need for the present
invention.

SUMMARY

According to an embodiment of a semiconductor device,
the semiconductor device includes a first semiconductor die
and a second semiconductor die. The first semiconductor die
includes a normally-off transistor and the second semicon-
ductor die includes a plurality of transistor cells of a nor-
mally-on transistor. One of a source terminal/drain terminal
of the normally-off transistor is electrically coupled to a gate
terminal of the normally-on transistor, the other one of the
source terminal/drain terminal of the normally-off transistor
is electrically coupled to one of a source terminal/drain ter-
minal of the normally-on transistor. The second semiconduc-
tor die also includes a gate resistor electrically coupled
between the gate terminal of the normally-off transistor and
respective gates of the plurality of transistor cells and a volt-
age clamping element electrically coupled between the gate
terminal and the one of the source terminal/drain terminal of
the normally-on transistor, respectively.

According to an embodiment of a Junction Field Effect
Transistor (JFET), the JFET includes a SiC semiconductor
substrate of a first conductivity type, a plurality of transistor
cells and a gate resistor. The plurality of transistor cells
includes a common drain at a rear side of the SiC semicon-
ductor substrate. Each of the plurality of transistor cells
includes gate regions and source regions at a front side of the
SiC semiconductor substrate. One terminal of the gate resis-
tor is electrically coupled to a gate terminal and the other
terminal of the gate resistor is electrically coupled to the gates
of the plurality of transistor cells. The JFET further includes
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a sequence of a first semiconductor zone of a second conduc-
tivity type opposite to the first conductivity type, a second
semiconductor zone of the first conductivity type and a third
semiconductor zone of the second conductivity type electri-
cally coupled between the gate terminal and a source termi-
nal. The source terminal is electrically coupled to the source
regions of the plurality of transistor cells.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings are included to provide a
further understanding of embodiments and are incorporated
in and constitute a part of the specification. The drawings
illustrate embodiments and together with the description
serve to explain principles of embodiments. Other embodi-
ments and many of the intended advantages of embodiments
will be readily appreciated as they become better understood
by reference to the following detailed description. The ele-
ments of the drawings are not necessarily to scale relative to
each other. Like reference numerals designate corresponding
similar parts.

FIG. 1 illustrates a schematic circuit diagram of a semicon-
ductor switch including a cascode circuit of a normally-off
transistor in a first semiconductor die and a normally-on
transistor, a gate resistor and a voltage clamping element in a
second semiconductor die, respectively.

FIG. 2 illustrates a schematic cross-sectional view of an
arrangement of the first semiconductor die and the second
semiconductor die within a package.

FIG. 3 illustrates a schematic circuit diagram of a nor-
mally-on JFET, a gate resistor and a voltage clamping ele-
ment including semiconductor diodes.

FIG. 4 illustrates a schematic cross-sectional view of a
portion of a SiC semiconductor die including a JFET, a gate
resistor and a vertical voltage clamping element.

FIG. 5 illustrates a schematic cross-sectional view of a
portion of a SiC semiconductor die including a JFET, a gate
resistor and a lateral voltage clamping element formed in a
mesa region.

FIG. 6 illustrates a schematic cross-sectional view of a
portion of a SiC semiconductor die including a JFET, a gate
resistor and a lateral voltage clamping element formed at a
front side of the SiC semiconductor die.

FIG. 7 illustrates a schematic layout of a JFET, a gate
resistor and a voltage clamping element.

DETAILED DESCRIPTION

In the following detailed description reference is made to
the accompanying drawings, which form a part hereof, and in
which are shown by way of illustration specific embodiments
in which the invention may be practiced. In this regard, direc-
tional terminology, such as “top”, “bottom”, “front™, “back”,
“waning”, “trailing”, etc., is used with reference to the orien-
tation of the FIGURE(S) being described. Because compo-
nents of embodiments can be positioned in a number of dif-
ferent orientations, the directional terminology is used for
purposes of illustration and is in no way limiting. It is to be
understood that other embodiments may be utilized and struc-
tural or logical changes may be made without departing from
the scope of the present invention. The following detailed
description thereof is not to be taken in limiting sense, and the
scope of the present invention is defined by the appended
claims.

It is to be understood that the features of the various exem-
plary embodiments described herein may be combined with
each other, unless specifically noted otherwise.
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FIG. 1 schematically illustrates a circuit diagram of a nor-
mally-off semiconductor switch 100 including a cascode cir-
cuit of a normally-off transistor 105 and a normally-on tran-
sistor 110. As an example, the normally-on transistor 110 may
be any one of Junction Field Effect Transistor (JFET), Metal
Insulator Semiconductor Field Effect Transistor (MISFET)
such as a Metal Oxide Semiconductor Field Effect Transistor
(MOSFET) and derivatives such as Double-diffused MOS-
FET (DMOSFET), High Electron Mobility Transistor
(HEMT) or any transistor including a gate configured to
control the conductivity between source and drain by voltage
application. The normally-off transistor 105 may also be any
one of Junction Field Effect Transistor (JFET), Metal Insula-
tor Semiconductor Field Effect Transistor (MISFET) such as
a Metal Oxide Semiconductor Field Effect Transistor (MOS-
FET) and derivatives such as Double-diffused MOSFET
(DMOSFET), High Electron Mobility Transistor (HEMT) or
any transistor including a gate configured to control the con-
ductivity between source and drain by voltage application.

The normally-off transistor 105 is formed within a first
semiconductor die 115. The normally-on transistor 110 is
formed within a second semiconductor die 120 and includes
a plurality of transistor cells.

One terminal 125 of a source/drain of the normally-off
transistor 105 is electrically coupled to a gate terminal 131 of
the normally-on transistor 110, the other terminal 127 of the
source/drain of the normally-off transistor 105 is electrically
coupled to one terminal 130 of a source/drain of the normally-
on transistor 110. The second semiconductor die 120 further-
more includes a gate resistor 135 electrically coupled
between the gate terminal 131 of the normally-off transistor
110 and respective gates 134 of the plurality of transistor cells
of normally-on transistor 110. As an example, the one termi-
nals 125, 130 may be source terminals in case transistors 105,
110 are n-channel transistors. As a further example, the one
terminals 125, 130 may be drain terminals in case transistors
105, 110 are p-channel transistors. As yet another example,
the one terminal 125 may be a drain terminal and the one
terminal 130 may be a source terminal in case transistor 105
is a p-channel transistor and transistor 110 is an n-channel
transistor. The one terminal 125 may also be a source terminal
and the one terminal 130 may be a drain terminal in case
transistor 105 is an n-channel transistor and transistor 110 is
a p-channel transistor.

For illustration purposes, the plurality of transistor cell
gates are represented in FIG. 1 by common node 134. A
voltage clamping element 140 is formed within the second
semiconductor die 120 and is electrically coupled between
the gate terminal 131 and the one terminal 130 of source/drain
of the normally-on transistor 110.

Asusedherein, the term “electrically coupled” is not meant
to mean that the elements must be directly coupled together so
that intervening elements may be provided between the “elec-
trically coupled” elements.

The term “normally-on” transistor used herein refers to a
depletion mode transistor being in a conductive, i.e., “on”
state when no voltage is applied to the gate and turns into a
non-conductive, i.e., “off” state when a voltage is applied to
the gate. The term “normally-off” transistor refers to an
enhancement mode transistor that is in the non-conductive,
i.e., “off” state when no voltage is applied to the gate and turns
into a conductive, i.e., “on” state when a voltage is applied to
the gate.

The circuit arrangement of the normally-off transistor 105
and the normally-off transistor 110 constitutes a three-termi-
nal normally-off semiconductor switch 100 including a gate
terminal 145 corresponding to the gate terminal 126 of the
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normally-off transistor 105, one terminal 146 of a source/
drain corresponding to the one terminal 125 of the source/
drain of the normally-off transistor and another terminal 147
of a source/drain corresponding to the terminal 132 of the
source/drain of the normally-on transistor 110.

By provision of voltage clamping element 140, the voltage
between source and drain terminals of normally-off transistor
105 may be limited. Thus, occurrence of avalanche break-
down in normally-off transistor 105 during operation may be
eliminated or reduced and thus, device reliability of the semi-
conductor switch 100 may be improved. Furthermore, by
limiting the voltage drop between source and drain terminals
of normally-off transistor 105, the voltage class of normally-
off transistor 105 may be reduced and thus, chip area may be
saved.

The normally-on transistor 110 may be a high-voltage
transistor, and the normally-off transistor 105 may be a low-
voltage transistor, whereas a ratio of electrical breakdown
voltages of the normally-off transistor 105 and the normally-
on transistor 110 may be within a range of 1:5 to 1:100, or
within a range of 1:10 to 1:50, for example.

According to an embodiment, the normally-off transistor
105 may be a Metal Oxide Semiconductor Field Effect Tran-
sistor (MOSFET) formed within a semiconductor substrate
made of silicon. The normally-on transistor 110 may be a
Junction Field Effect Transistor (JFET) formed within a
semiconductor substrate made of SiC.

According to another embodiment, the normally-on tran-
sistor 110 may be a High Electron Mobility Transistor
(HEMT), e.g., a GaN HEMT.

The gate resistor 135 is formed within the second semicon-
ductor die 120 and may have a value within a range 0 0.5Q to
50082, or within a range of 1€2to 50Q. As an example, the gate
resistor 135 may be formed within the semiconductor sub-
strate of the second semiconductor die 120 as a doped semi-
conductor region formed either by diffusion or implant of
dopants. As a further example, the gate resistor 135 may be
formed within a wiring area above an active area of the
device.

FIG. 2 illustrates a schematic cross-sectional view of an
arrangement of the first semiconductor die 115 and the sec-
ond semiconductor die 120 within a package 160. The second
semiconductor die 120 including the normally-on transistor
110 is arranged on a leadframe 165. The second semiconduc-
tor die 120 may be placed with its rear side on the leadframe
165. At the rear side of the second semiconductor die 120, a
drain contact of normally-on transistor 110 may be formed.
The first semiconductor die 115 including the normally-on
transistor 105 is arranged on a front side of the second semi-
conductor die 120. The normally-on and normally-off tran-
sistors 110, 105 may be electrically coupled to pins of pack-
age 160 by bond wires, for example (not illustrated in FIG. 2).
According to another embodiment, the normally-on and nor-
mally-off transistors 110, 105 may be arranged in separate
packages.

When forming the normally-on transistor 110 as a high-
voltage transistor in a SiC semiconductor substrate, heat dis-
sipation may be improved since heat conductivity of SiC is
superior to other semiconductor substrate materials such as
Si. Furthermore, heat generated within the second semicon-
ductor die 120 may be dissipated via the leadframe 165 being
a heat sink.

The package 160 may include three pins. With regard to the
cascode circuit illustrated in FIG. 1, a first one of these pins
may be electrically coupled to the gate terminal 145, a second
one of these pins may be electrically coupled to the one
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terminal 146 and a third one of these pins may be electrically
coupled to the other terminal 147.

FIG. 3 illustrates a schematic circuit diagram of a nor-
mally-on JFET 310, a gate resistor 345 and a voltage clamp-
ing element 340 including semiconductor diodes 341, 342
connected anti-serial, i.e., both cathodes connected together
or both anodes connected together. The specific arrangement
including JFET 310, gate resistor 345 and semiconductor
diodes 341, 342 constitutes one example for normally-on
transistor 110, voltage clamping element 140 and gate resis-
tor 135 of the embodiment illustrated in FIG. 1.

FIG. 4 illustrates a schematic cross-sectional view of a
portion of an n-channel JFET 410 formed within an n-type
SiC semiconductor substrate 470. JFET 410 includes a tran-
sistor cell area 471, a voltage clamping element area 472, a
gate resistor area 473 and an edge termination area 474. At a
rear side 475 of the SiC semiconductor substrate 470 a drain
contact region 476 made of a conductive material such as a
metal or metal alloy is formed. Within the transistor cell area
471 and at a front side 477 of the SiC semiconductor substrate
470, mesa portions 478a, 4785 are formed. These mesa por-
tions 478a, 4785 include n-type semiconductor zones 479a,
4795 and p-type gate regions 480a, 4805. On the gate regions
480a, 4805 gate contacts 481a, 4815 made of a conductive
material such as a metal or metal alloy are formed. Between
the mesa portions 478a, 4786 and within the SiC semicon-
ductor substrate 470 a p-type region 482a is formed. This
p-type region 4824 is electrically coupled to a source trench
contact 483a made of a conductive material such as a metal or
metal alloy via a p*-type contact zone 484a. N-type source
regions 485a, 4855 and n*-type source regions 486a, 4865 are
at least partly formed within p-type zone 482a and are also
electrically coupled to the source trench contact 483a. The
conductivity of a channel region formed between source
regions 485a . . . b, 486a . . . b and drain contact region 476
may be controlled by a voltage applied between gate contacts
481a . . . b and source trench contact 483a.

In the voltage clamping element area 472, a p-type zone
482b electrically coupled to a trench contact 48356 via a
p*-type contact region 4845 is formed similar to elements
482a, 483a and 484a within the transistor cell area 471. For
example, p-type zones 482a, 482b, p*-type contact regions
484a, 4845 and trench contacts 483a, 4835 may be formed by
same process steps and may thus be equal with regard to
choice of materials and shapes.

The voltage clamping element area 472 furthermore
includes a mesa portion 478¢. Similar to mesa portions 478a,
478b, also mesa portion 478¢ includes an n-type zone 479¢
and a gate region 480c. The voltage clamping element area
472 may include further p-type regions such as regions 487a
and 487b. The sequence of p-type gate region 480c¢, n-type
zone 479¢ and p-type zone 4825 constitutes a voltage clamp-
ing element 440 including a pair of anti-serial pn junction
diodes. An anode of the first diode such as diode 341 illus-
trated in FIG. 3 is formed by p-type gate region 480¢ and the
cathode of this first diode is formed by n-type zone 479c¢.
N-type zone 479¢ also constitutes the cathode of the second
pn junction diode such as diode 342 illustrated in FIG. 3 and
p-type zone 4825 corresponds to the anode of this second pn
junction diode. The semiconductor regions 480c¢, 479¢ and
482b constituting anti-serial pn junction diodes are arranged
along a vertical direction perpendicular to the rear side 475.

On the p-type gate region 480c¢ a gate contact 481c is
formed as a gate terminal 431 of JFET 410. The gate contact
481c extends into the gate resistor area 473 and provides
electrical contact to one terminal of a gate resistor 445. The
gate resistor 445 is formed as an n-type semiconductor zone
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6

embedded in a p-type semiconductor zone 446. The other
terminal of gate resistor 445 is electrically coupled to the gate
contacts 481a, 4815 of the transistor cells within the transistor
cell area 471. The gate resistor 445 may be formed by diffu-
sion or implant of n-type dopants of a dose appropriately
chosen to fix a value of resistor 445 to a desired value or
within a desired range of values.

Within the edge termination area 474 a p-type edge termi-
nation zone 488 is formed.

Each of the gate contacts 481a, 4815 of the transistor cells
within the transistor cell area 471 are electrically coupled to
the gate terminal 431 via the gate resistor 445 similar to the
respective part of the circuit diagram including normally-on
FET 110, the gate resistor 135 and the gate terminal 131
illustrated in FIG. 1. Applying the SiC semiconductor sub-
strate 470 with JFET 410 in the cascode circuit arrangement
illustrated in FIG. 1, generation of oscillations may be elimi-
nated or reduced by provision of gate resistor 445.

In the voltage clamping element area 472, the voltage
clamping element 440, i.e., the anti-serial pn junction diodes
formed of p-type region 480¢ and n-type region 479¢ as well
as n-type region 479¢ and p-type region 48254 limits a voltage
drop between gate and source of JFET 410. Within p-type
region 482h, n-type regions similar to source regions
485a ... b,486a . . . b may be formed. Thus, when applying
the SiC semiconductor substrate 470 including JFET 410 in
the cascode circuit arrangement illustrated in FIG. 1, the
voltage drop between drain and source terminals 127 and 125
of the normally-off transistor 105 may be limited and thus,
occurrence of avalanche breakdown in normally-off transis-
tor 105 may be reduced or eliminated leading to an improved
device reliability.

FIG. 5 illustrates a schematic cross-sectional view of a
portion of an n-channel JFET 510 formed within an n-type
SiC semiconductor substrate 570.

JFET 510 includes a transistor cell area 571, a gate resistor
area 573 and an edge termination area 574 similar to the active
cell area 471, the gate resistor area 473 and the edge termi-
nation area 474 of JFET 410 illustrated in FIG. 4. For details
on these device areas reference is taken to the respective
description parts above.

JFET 510 differs from JFET 410 illustrated in FIG. 4 with
regard to the design of the voltage clamping element area 572.
Whereas JFET 410 includes a vertical voltage clamping ele-
ment 440 formed by p-type region 480c, n-type region 479¢
and p-type region 4825, JFET 510 includes a lateral voltage
clamping element 590 formed by p-type region 580c, n-type
region 579¢ and p-type region 587¢ sequentially arranged
along a lateral direction in parallel to the rear side 575. Volt-
age clamping element 590 is formed at a top side of mesa
region 578c¢. Since the two p-type regions 580c and 587¢ are
both arranged opposed to each other at the top side of mesa
region 578¢ having n-type region 579¢ arranged in between,
current through voltage clamping element 540 flows along
the lateral direction. A source contact 5835 extends to the top
side of mesa region 578¢ and is in electrical contact with a top
side of p-type region 587c¢. Thus, a current path through
p-type region 587¢ may be kept shorter than the current path
through corresponding p-type region 48256 of the embodi-
ment illustrated in FIG. 4. Thus, a resistance of this p-type
region which is connected in series to the anti-serial diodes
may be kept smaller than in the embodiment of FIG. 4 assum-
ing equal specific resistance values of the corresponding
p-type regions in FIGS. 5 and 4. Hence, voltage clamping
characteristics of voltage clamping element 540 are
improved.
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FIG. 6 illustrates a schematic cross-sectional view of a
portion of an n-channel JFET 610 formed within an n-type
SiC semiconductor substrate 670.

JFET 610 includes a transistor cell area 671, a gate resistor
area 673 and an edge termination area 674 similar to the active
cell area 471, the gate resistor area 473 and the edge termi-
nation area 474 of JFET 410 illustrated in FI1G. 4. For further
details on these device areas reference is taken to above
description related to the corresponding areas of FIG. 4.

JFET 610 differs from JFET 410 illustrated in FIG. 4 with
regard to the design of the voltage clamping element area 672.
Whereas JFET 410 includes a vertical voltage clamping ele-
ment 440 formed by p-type region 480c, n-type region 479¢
and p-type region 4825, JFET 610 includes a lateral voltage
clamping element 640 formed by p-type region 6874, a partof
n-type semiconductor substrate 670 and p-type zone 646
sequentially arranged along a lateral direction in parallel to
and at the front side 677. Different from the embodiment
illustrated in FIG. 5, voltage clamping element 640 is
arranged outside of a mesa portion. Since the two p-type
regions 646 and 687a are both arranged at the front side 677
having a part of n-type semiconductor substrate 670 arranged
in between, current through voltage clamping element 640
flows along a lateral direction parallel to the front side 677.
Similar to the embodiment illustrated in FIG. 5, a source
contact 6835 is in electrical contact with a top side of p-type
region 687a. Thus, a current path through p-type region 687a
may be kept shorter than the current path through correspond-
ing p-type region 4825 of the embodiment illustrated in FIG.
4. Thus, a resistance of this p-type region which is connected
in series to the anti-serial diodes may be kept smaller than in
the embodiment of FIG. 4 assuming equal specific resistance
values of the corresponding p-type regions in FIGS. 5 and 4.
Hence, voltage clamping characteristics of voltage clamping
element 640 are improved.

FIG. 7 illustrates a schematic layout of a JFET 710 includ-
ing JFET transistor cells such as cell 711, a voltage clamping
element 740 and a gate resistor 735. The gate resistor 735
overlaps with a gate pad area 795. The JFET cells such as cell
711 are in the form of stripes, i.e., also the gate contacts of
each JFET cell are stripe-shaped and are electrically coupled
to a gate runner 796. The layout of FIG. 7 including JFET 710,
gate resistor 735 and voltage clamping element 740 is an
example of the circuit arrangement illustrated in FIG. 3 with
regard to JFET 310, gate resistor 345 and voltage clamping
element 340.

With the above range of variations and applications in
mind, it should be understood that the present invention is not
limited by the foregoing description, nor is it limited by the
accompanying drawings. Instead, the present invention is
limited only by the following claims and their legal equiva-
lents.

What is claimed is:

1. A semiconductor device, comprising:

a first semiconductor die including a normally-off transis-

tor; and
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a second semiconductor die including a plurality of tran-
sistor cells of a normally-on GaN HEMT, one of a source
terminal and a drain terminal of the normally-off tran-
sistor being electrically coupled to a gate terminal of the
normally-on GaN HEMT, the other one of the source
terminal and the drain terminal of the normally-off tran-
sistor being electrically coupled to one of a source ter-
minal and a drain terminal of the normally-on GaN
HEMT,

wherein the second semiconductor die further includes:

a gate resistor electrically coupled between the gate
terminal of the normally-on transistor and respective
gates of the plurality of transistor cells; and

a voltage clamping element electrically coupled
between the gate terminal and the one of the source
terminal and the drain terminal of the normally-on
GaN HEMT.

2. The semiconductor device of claim 1, wherein the first
semiconductor die includes a semiconductor substrate made
of Si and the normally-off transistor is a normally-off metal
insulator field effect transistor (MISFET).

3. The semiconductor device of claim 1, wherein the volt-
age clamping element includes a pn junction diode.

4. The semiconductor device of claim 1, wherein a clamp-
ing voltage of the voltage clamping element is smaller than an
electrical breakdown voltage between the source and drain of
the normally-off transistor.

5. The semiconductor device of claim 1, wherein the gate
resistor is within a range of 0.5 to 500€2.

6. The semiconductor device of claim 1, wherein a ratio of
electrical breakdown voltages of the normally-off transistor
and the normally-on GaN HEMT is within a range of 1:5 to
1:100.

7. The semiconductor device of claim 1, wherein an area of
the gate resistor at least partially overlaps with a gate pad area
electrically coupled to the gate terminal of the normally-on
GaN HEMT.

8. The semiconductor device of claim 3, wherein both the
pn junction diode and the transistor cells of the normally-on
GaN HEMT have striped-shaped geometries, the pn junction
diode extending in parallel to the transistor cells.

9. The semiconductor device of claim 1, wherein the first
semiconductor die and the second semiconductor die are
arranged chip-on-chip in a single package in a sequence of a
leadframe, the second semiconductor die and the first semi-
conductor die.

10. The semiconductor device of claim 9, wherein the
single package includes a gate pin, a source pin and a drain
pin, the gate pin being electrically coupled to the gate termi-
nal of the normally-on transistor, the source pin being elec-
trically coupled to the one of the source terminal and the drain
terminal of the normally-off transistor, the drain pin being
electrically coupled to the other one of the source terminal
and the drain terminal of the normally-on GaN HEMT.
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